molecular clone will make possible a detailed dissection of the molecular pathogenesis of FIV, which may facilitate the development of vaccine and therapeutic strategies for AIDS.
Feline immunodeficiency virus (FIV) was isolated in 1986 from a feline leukemia virus (FeLV) negative cat with chronic opportunistic infections (1) . FIV was initially classified as a lentivirus on the basis of virion morphology, Mg2"-dependent reverse transcriptase activity, and the propensity for persistent infection in cats (1, 2) . In addition, FIV shares two important features with the AIDS lentiviruses, human immunodeficiency virus (HIV), and simian immunodeficiency virus (SIV): a tropism for T lymphocytes and the association with an immunodeficiency syndrome in the infected host (1) . Seroepidemiologic studies indicate that FIV infection occurs throughout the world. Seropositivity rates of 14%, 19%, and 30% in the United States, Canada, and Japan, respectively, were found in sick cats, compared with a 1.2% rate in healthy cats (3, 4) . Although FeLV is the best characterized agent of feline AIDS (5) , these data suggest that FIV may be a significant cause of immunodeficiency in cats.
Relevant animal models of AIDS-like infection and disease are required for the development of safe and effective strategies for the prevention and therapy of HIV infection in humans. The discovery of FIV presents an excellent opportunity for the development of a small animal model for AIDS. We have undertaken molecular cloning and characterization of FIV and describe in this report (i) the derivation and characterization of a biologically active molecular clone of FIV that is infectious for experimentally inoculated cats, (ii) the cross-hybridization of FIV genomic probes to proviralclone DNA of five lentiviruses, (iii) the immunological cross-reactivity patterns of rabbit anti-lentiviral antibodies to FIV, and (iv) the nucleotide sequence of the long terminal repeats (LTR) of FIV. These molecular and immunological data provide conclusive evidence for the inclusion of FIV in the lentivirus family.
MATERIALS AND METHODS
Virus and Cell Lines. The FIV-Petaluma strain was propagated in mitogen-stimulated peripheral blood mononuclear cells (PBMCs) from specific pathogen-free (SPF) cats, or Crandell feline kidney (CRFK) cells, as previously described (1, 2) . To obtain a large amount of stock virus (designated FIV/PBMC-4), SPF IThe sequence reported in this paper is being deposited in the EMBL/GenBank data base (accession no. J04541).
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clones pE20 and pD32. The library was screened under high-stringency hybridization conditions [50% formamide/ 1o dextran sulfate at 42°C, washed at 55°C in 0.2x SSC (1x SSC = 0.15 sodium chloride/0.015 M sodium citrate, pH 7), 0.1% NaDodSO4]. Filters were exposed to x-ray film with an intensifying screen for 20-24 hr at -70°C.
Transfection. Lambda clone FIV-14 DNA (0.5 ug; see below) was introduced into CRFK cells by the DEAEdextran transfection method (8) . After transfection, the presence of replicating FIV was monitored by reverse transcriptase activity in culture supernatant fluids (9) .
Nucleotide Sequence Analysis. FIV cDNA clones, pE20 and pD32, and selected plasmid subclones of the proviral clone FIV-14 were sequenced by the dideoxynucleotide chaintermination method (10) with T7 DNA polymerase according to the manufacturer's protocol (United States Biochemical). Proviral DNA sequences were confirmed on both strands of the plasmid subclones. DNA sequence analysis was performed with the programs PC/Gene, FASTA-Mail, and IFIND (IntelliGenetics).
RESULTS
Molecular Cloning of FIV. We synthesized and isolated putative FIV cDNA clones by the strategy described. Two recombinant plasmids, pE20 and pD32, both containing cDNA inserts of =400 base pairs (bp), were chosen for authentication of FIV specificity. A Southern blot of FIVinfected and uninfected CRFK genomic DNA (Fig. LA) demonstrated hybridization of E20 cDNA (or D32 cDNA, data not shown) exclusively to FIV-infected cell DNA. Digestion ofinfected cell DNA with Nhe I generated two viral fragments that had a combined length of9-9.5 kb. These data indicated that Nhe I cut three times within the proviral genome: once in each LTR and once internally. Northern blot (Fig. 1B) revealed that E20 hybridized to three viral-specific RNAs of =9, 4.5, and 2 kb. These RNAs were similar in size to those viral RNA species detected in HIV-1-infected cells (11, 12) . Thus, FIV posttranscriptional splicing events may resemble those of other lentiviruses.
A recombinant A phage library constructed from genomic DNA isolated from CR/FIV-4 cells was screened with cDNA clones E20 and D32. Fifteen recombinant clones were identified, and eight were analyzed by Nhe I digestion (data not shown). Recombinant proviral clone FIV-14 appeared to contain the full-length genome and was selected for further characterization. A partial restriction endonuclease site map of FIV-14 ( Fig. 2D) revealed that the overall length of the proviral genome was =9.4 kb, a figure consistent with estimates generated by Southern blot analyses (see above). Limited nucleotide sequence analysis demonstrated that cDNA clone E20 was derived from the 3' LTR and that the D32 cDNA originated just downstream of the internal Nhe I site. is infectious for cats. FIV-14 virus established an infection in two experimentally inoculated SPF cats. FIV was recovered from cultures of PBMCs from both inoculated cats at 3 weeks postinoculation (data not shown).
Sequence Similarities Between FIV and Other Lentiviruses. Cross-hybridization analyses were performed to detect sequence similarities between FIV and six retroviruses (Fig. 2) . The FIV genome hybridized at low stringency to all of the lentiviral genomes examined (Fig. 2B) . Importantly, crosshybridization with the oncornavirus, FeLV, was not detected. We predicted that the cross-hybridizing sequences were contained within the gag-pol genes based on the following data: (i) FIV hybridized to the single EIAV 5-kb BamHI fragment that contains the complete gag-pol genes of EIAV (17) , and (ii) nucleotide sequence alignments of the 5' 1.5 kb of the FIV-14 pol gene with the GenBank viral sequence library revealed significant nucleotide sequence identity to the po1 genes of SIV, HIV-2, HIV-1, EIAV, visna virus, and CAEV (55-65% identity, data not shown). These data indicated significant genetic relatedness between FIV and the five other lentiviruses examined.
Detection of Cross-Reactive Antibodies to FIV. Recently, rabbit polyclonal antibodies to bovine immunodeficiency virus (BIV) and HIV-1 were seen to react reciprocally with the core proteins (p26 and p24, respectively) of either virus (19) . Rabbit anti-HIV-1 antibodies also recognized p24 of CAEV. We therefore examined the reactivity of rabbit antisera against CAEV, visna virus, BIV, and HIV-1 with FIV polypeptides by immunoblot analysis. As shown in Fig. 3 , rabbit polyclonal antibodies against CAEV and visna virus bound to FIV p28. Specific reactivity was noted for another polypeptide (15 kDa), but this protein was not detected by feline anti-FIV antibodies (Fig. 3, lanes b and c) . Based on size similarities, FIV p28 may be the counterpart to the major core protein of other lentiviruses (2) . Rabbit antibodies against HIV-1 or BIV did not react with any FIV-specific polypeptides. This immunologic cross-reactivity indicated that FIV, CAEV, and visna virus core proteins share some common antigenic determinants. Sequence Analysis of the FIV LTR. The complete nucleotide sequence (355 bp) of the proviral FIV LTR is presented in Fig. 4 . The LTR length was similar to those reported for CAEV, visna virus, and EIAV, but was considerably shorter than the LTRs of H4IV-1 or SIV (17, (20) (21) (22) (23) (24) . The boundaries of the LTRs were demarcated by (i) the presence ofthe highly conserved dinucleotide inverted repeats (5' TG and CA 3') at the ends of the LTR and (ii) a 5-bp direct repeat (CTTAC) in the 5'-and 3'-flanking cellular DNA (25) .
A purine-rich region, believed to be the site for initiation of plus-strand DNA synthesis (26) , was identified immediately upstream of the 3' LTR (Fig. 4, polypurine tract) . The primer-binding site for initiation of minus-strand DNA synthesis was identified three bases downstream from nucleotide 355 in the 5' LTR (data not shown). The sequence was complementary to the 3'-terminal 21 nucleotides of mammalian tRNAYS (27) and was similar to the primer binding sites described for HIV-1 and EIAV (17, 23) .
Putative transcription signals (Fig. 4) were identified by analogy to previously defined lentiviral LTR signal sequences. Interestingly, two potential TATA boxes, usually of 3. Immunoblot analysis of cross-reactivity of lentivirus polyclonal antisera with FIV polypeptides. Purified FIV was fractionated by 8% NaDodSO4/PAGE and transferred to nitrocellulose (2) . Immunoblot strips were incubated with serum samples (1:200 dilution) and processed for detection of bound antibodies as described (2) . Lanes: a, normal SPF cat serum; b and c, FIV-infected SPF cat sera; d and e, rabbit preimmune CAEV sera; f and g, rabbit postimmune CAEV sera; h and i, rabbit preimmune visna virus sera; j and k, rabbit postimmune visna virus sera; and m, rabbit preimmune BIV sera; n and o, rabbit postimmune BIV sera; p, rabbit postimmune HIV-1 sera. Arrows indicate reactivity with FIV p28 and p15. The positions of the molecular mass markers (in kDa) are given at the left. The smear detected near 70 kDa in lanes c, f, g, j, k, n, and o probably represents reactivity to bovine serum albumin. Reactivity to the 17-kDa polypeptide was detected with several of the rabbit pre-and postimmune serum samples and therefore was considered to be nonspecific. The protein species detected near 100 kDa in lane c may represent the extracellular envelope glycoprotein of FIV (R.A.O., V.M.H., and P.R.J., unpublished observations). The paired rabbit sera (pre-and postimmunization) for CAEV, visna virus, BIV, and HIV-1 (postimmunization only) were provided by Matthew A. Gonda (National Cancer Institute-Frederick Cancer Research Facility, Frederick, MD) (19) . the form TAT(W)XG (where W = A or T and x = 3 or 4) (26), were identified at base positions 164-169 and 187-193. The first TATA box was similar to the signal described for HIV-1, TATAAG (11, 23) . The second TATA box was nearly identical to that reported for CAEV, visna virus, and EIAV (TATATAAC vs. TATATAAG) (17, (20) (21) (22) .
A consensus polyadenylylation signal spanned nucleotides 269-274 (28, 29) . Retroviral (and many eukaryotic mRNAs) are polyadenylylated at a site located 10 to 20 bases 3' of the polyadenylylation signal (28, 29) , which delineates the R-U5 junction. The dinucleotide CA has been reported to be a preferred site for transcription termination (29) . However, the dinucleotide GA also can be used (29) and was designated as the poly(A) site for CAEV (20) . We identified the putative site for poly(A) addition in the FIV LTR at the dinucleotide GA (bases 286 and 287).
Direct repeat structures identified in the U3 regions of CAEV and EIAV were not detected in the U3 region of the FIV LTR. A consensus "core" enhancer sequence (GTG-GTTTG or GTGGAAAG) also was not detected (30) . However, a potential enhancer sequence located from nucleotide 51 through 59 is similar to the sequence GGGACTTTCC that is contained in the B site within the K immunoglobulin gene enhancer (31) . This site has been observed in the U3 regions of HIV-1 and SIV (24, 31) , as well as in the enhancer sequences of simian virus 40 and cytomegalovirus (31) .
The precise lengths of the U3, R, and U5 regions in the LTR have not been determined. Primer extension of FIV genomic RNA will be required to identify the RNA initiation/cap site and the R/U5 boundary.
Attempts Previous studies demonstrated that natural host-derived serum antibodies to CAEV, visna virus, HIV-1, or SIV did not cross-react with FIV antigens in immunoblot assays (1, 2) . However, serologic cross-reactivity was observed between FIV and both CAEV and visna virus when specific rabbit antisera to these two viruses were assayed. Polyclonal rabbit antibodies to either of these viruses bound specifically to the FIV p28 polypeptide, which may represent the FIV major core protein. The results of these molecular and serologic analyses are consistent with the observed conservation of gag-pol genes across the lentivirus subfamily (20, 32, 33) .
The inability to align the FIV LTR nucleotide sequence with other lentiviral LTR sequences was not surprising because LTR sequences are not highly conserved among lentiviruses in general (17, 20) . An unusual feature in the FIV LTR was the presence of two potential TATA boxes. Site-directed mutagenesis of putative transcription and regulatory signals in the LTR of our infectious FIV molecular clone should clarify their respective functions during viral replication.
Importantly, the proviral molecular clone, FIV-14, was biologically active upon transfection into CRFK cells. Progeny virus of FIV-14 infected feline PBMCs in culture and was shown to infect two experimentally inoculated SPF cats. Thus, with the availability of an infectious molecular clone of FIV, informative studies designed to define the molecular determinants of FIV pathogenesis and to develop vaccine strategies in the feline model system are now feasible.
